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1. Introduction

MOF modified with a Cu-complex as a novel MOF-
based heterogeneous catalyst for the one-pot one-
step synthesis of a-aminophosphonates directly
from alcohols by a tandem oxidation process

Sara Sobhani,*? Alireza Paseban,® Roya Jahanshahi @ € and José Miguel Sansano @ ¢

A metal-organic framework functionalized with a copper complex, named Cu-ISA-MIL-Fe, was fabricated
through post-synthetic modification of Fe-MIL-101-NH, via isatin Schiff-base formation followed by
coordination with Cu(OAc),. The newly synthesized Cu-ISA-MIL-Fe was characterized by analytical
methods, including PXRD, FT-IR, XPS, FESEM, EDS elemental mapping, TEM, and elemental analysis. The
similarity of its PXRD pattern with that of Fe-MIL-101-NH; indicated that the crystalline structure of the
MOF in the post-synthetic modification remained intact. FT-IR analysis endorsed the successful
construction and functionalization of the MOF. FESEM and TEM images showed that the octahedral
morphology of the MOF with an edge length of ~500 nm was well preserved. XPS elemental survey and
EDS elemental mapping confirmed the existence of C, N, O, Cu and Fe, with a uniform distribution
throughout the MOF structure. Cu-ISA-MIL-Fe was used as the first MOF-based catalyst for the one-pot
one-step synthesis of dialkyl a-aminophosphonates directly from readily available alcohols via a tandem
oxidation process. The catalyst showed an extremely high catalytic performance for the selective
oxidation of different benzyl alcohols, followed by the condensation of the in situ-prepared
(tri-ethyl/methyl/iso-propyl and di-iso-propyl
phosphites) to produce a variety of dialkyl a.-aminophosphonates. This methodology offers a number of
merits, including cost-effective operational conditions, efficient and selective product formation in 75—
95% yields, reduced reaction times, use of a green solvent, and facile catalyst separation and
recyclability. Besides, conducting a simplified one-pot one-step synthetic procedure contributes to step

benzaldehyde with anilines and alkyl phosphites

saving, minimizes the procedural complexity and decreases waste production, further enhancing the
overall efficiency of the method.

the overall safety.* Therefore, tandem reactions are highly
attractive from both economic and environmental points of
view.>*

Nowadays, scientific research has advanced in addressing the
significant challenges of green chemistry. In designing organic
synthetic approaches, methodological efficiency and environ-
mental compatibility are two fundamental principles that must
be considered."” One of the most promising strategies in this
regard is the simultaneous conduction of multiple reactions in
a single reaction vessel without the need to separate the prod-
ucts at each stage through tandem transformations.>* Applying
this method not only minimizes the use of toxic solvents and
reagents but also reduces waste, cost and time while increasing
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Carbonyl moieties serve as versatile synthetic building
blocks for the fabrication of numerous bioactive and complex
molecules that are commonly found in natural products.® They
also play a crucial role in facilitating various substantial trans-
formations between functional groups across diverse synthetic
pathways.® The common strategy for the synthesis of aldehydes
and ketones involves the oxidative transformations of primary
and secondary alcohols, respectively, which are broadly acces-
sible, inexpensive and easy to store and handle.” This approach
has found widespread implementation across both industrial
applications and academic research. In response to the
important challenges in green chemistry, expanding the
methods for alcohol oxidation to generate aldehydes, which
subsequently undergo reactions with suitable reagents to
generate C-C/C-N or C-P bonds, is known as a tandem oxida-
tion process (TOP) and is highly desirable.?
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a-Aminophosphonates represent a significant class of
organophosphorus compounds owing to their structural
resemblance to a-amino acids. They are important compounds
due to their diverse applications in biochemistry,>'® medicinal
chemistry,"*™ life sciences,""™** and agriculture and industrial
chemistry.">"” They demonstrate important bioactive features,
comprising antibacterial, enzyme inhibition, anticancer and
antifungal activities. Further, they can serve as pesticides,
fungicides, insecticides, and plant growth regulators
(Scheme 1).#2

The most widely used synthetic procedure for a-amino-
phosphonates is the Kabachnik-Fields method.”*?* This
transformation involves a three-component condensation
reaction of amine compounds, carbonyl-containing substrates,
and phosphite esters.””?* This reaction proceeds via the
hydrophosphorylation of an in situ formed Schiff-base, cata-
lyzed by either acidic or basic catalysts.>® Nevertheless, in the
majority of reported protocols, the reactions were started from
aldehydes as carbonyl compounds and mainly focused on
utilizing various catalysts to enhance the reaction efficiency.”**
Employing alcohol derivatives as starting materials in the TOP-
based synthesis of a-aminophosphonates widens the applica-
tion scope of the Kabachnik-Fields method by means of using
safer substrates aligned with green chemistry principles. To the
best of our knowledge, only a limited number of synthetic
protocols have been reported for the synthesis of these valuable
scaffolds through the TOP strategy.**** Despite their individual
merits, these methods often suffer from significant shortcom-
ings, including prolonged reaction times;****** low product
yields;****  homogeneous and non-recyclable catalytic
systems;*>*® the use of structurally complex,* expensive,*>* or
even explosive catalysts;*” harsh reaction conditions;** and
use of toxic solvents.******3° Most notably, the majority of these
protocols involve one-pot two-step procedures,**** which not
only increases the operational complexity, energy, time and
material consumption, but also reduces the overall synthetic
efficiency. Among the reported studies, only one method has
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been described as a one-pot one-step approach.** However, even
this method has been hindered by critical limitations, such as
the use of costly catalysts and toxic solvents. These limitations
highlight the crucial need for the development of more efficient,
practical, and environmentally benign catalytic systems that
can facilitate the one-pot one-step synthesis of a-amino-
phosphonates directly from alcohols via the TOP strategy.
Metal-organic frameworks (MOFs), composed of organic
ligands and metal ions or clusters, have been widely used in
numerous fields, including adsorption, separation, sensing,
and catalysis.*® Post-synthetic modification (PSM) has emerged
as a promising strategy for the development of MOF-based
heterogeneous catalysts via the incorporation of diverse func-
tional moieties within their porous structures.** PSM tech-
niques are particularly attractive for the synthesis of MOFs due
to several distinct advantages.*” First, the solvothermal reaction
conditions typically utilized in MOF synthesis impose consid-
erable constraints on the range of functional groups that can be
incorporated during the pre-synthetic stage.** Second, the
presence of organic ligand components within MOF structures
(in contrast with many other crystalline inorganic solids) facil-
itates the application of diverse organic reactions, as estab-
lished by synthetic organic chemists.** Ultimately, the intrinsic
high porosity of MOF structures allows reagents to access the
interior of their framework, enabling chemical functionaliza-
tion not only on the external surface but also within the internal
cavities of the MOFs.*>** Among MOFs, MIL-101-NH, is distin-
guished by its properties, including a rigid structure, high
surface area, high porosity, and superb chemical and hydro-
thermal stability.*” Moreover, the presence of amine groups in
this type of MOF allows for PSM, enabling the preparation of
a range of new MOF-based materials as efficient catalysts.*
Copper-based MOFs were mainly recognized for their
application as Lewis acid catalysts. They can also be used in
redox catalyses.” Due to the dual characteristics of copper,
TOPs, in which the copper is able to act as a catalyst both in the
oxidation step and in the subsequent reaction, can be
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Scheme 1 Structures of some a-aminophosphonates with their biological activity.

36824 | RSC Adv, 2025, 15, 36823-36836

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra06341h

Open Access Article. Published on 06 October 2025. Downloaded on 1/22/2026 1:03:40 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

RSC Advances

OH

NH, P(OR);
+ ©/ + or

X Y HP(O)(OR),

_—

Cu-ISA-MIL-Fe

D P(OR),
NH

&

Scheme 2 One-pot one-step synthesis of a-aminophosphonates from alcohols via the TOP strategy, catalyzed by Cu-ISA-MIL-Fe.

performed in the presence of copper-based MOFs. In this
regard, some TOPs, such as tandem alcohol oxidation-imine
formation, deacetalization-Knoevenagel condensation reac-
tion, epoxidation of olefin-cyclic carbonates synthesis, alcohol
oxidation-Knoevenagel condensation, catalyzed by different
types of copper-based MOFs, have been reported.*»** However,
in spite of the high efficiency of copper-based MOFs, the reports
on their application as catalysts in the TOP reactions are
limited. Therefore, there is a lot of room for research in this area
with new innovations.

As part of our continued efforts to establish novel tandem
synthetic methods,** we have synthesized a new copper-based
MOF denoted as Cu-ISA-MIL-Fe, through the PSM of Fe-MIL-
101-NH,, as the first MOF-based heterogeneous catalyst, which
enables the direct one-pot one-step synthesis of a-amino-
phosphonates from alcohols via the TOP strategy (Scheme 2).

2. Experimental

2.1. Instrumentals

Crystallographic data were recorded on a PANalytical X'Pert Pro
diffractometer equipped with Cu Ka radiation (A = 1.540 A).
Infrared spectra were recorded on a Shimadzu FT-IR-8300
spectrometer. NMR spectra were recorded on a Bruker
Advance DPX-300 using deuterated CDCl; as the solvent.
Morphological and structural analyses were performed on
a Philips CM30 transmission electron microscope (TEM) and
a Mira 3-XMU field-emission scanning electron microscope
(FESEM). The surface elemental composition and chemical
states were studied by X-ray photoelectron spectroscopy (XPS)
employing a VG-Microtech Multilab 3000 system equipped with
an aluminum anode. The XPS spectral deconvolutions were
accomplished via Gaussian-Lorentzian curve fitting. The
elemental distribution and composition were further investi-
gated by energy-dispersive X-ray spectroscopy (EDS) and
elemental mapping analysis using a Tescan Mira3 microscope.
The quantitative analysis of the copper content of the catalyst
was done using inductively coupled plasma optical emission
spectrometry (ICP-OES) using an OPTIMA 7300DV analyzer.

2.2. Materials and reagents

All reagents and solvents utilized throughout the experiments
were obtained from Merck and employed as received without
additional purification. The reaction progress and product
purity were evaluated via thin-layer chromatography (TLC) on
silica-gel Polygram SIL G/UV254 plates.

© 2025 The Author(s). Published by the Royal Society of Chemistry

2.2.1 Fabrication of the catalyst

2.2.1.1. Synthesis of Fe-MIL-101-NH,. Fe-MIL-101-NH, was
synthesized following a reported method with a slight modifi-
cation.”> A solution of 2-amino-1,4-benzenedicarboxylate
(0.22 g, 1.24 mmol) in DMF (7.5 mL) was slowly added to
a solution of FeCl;-6H,0 (0.67 g, 2.49 mmol) in DMF (7.5 mL).
The resulting mixture was heated in a stainless-steel autoclave
at 110 °C for 24 h. The solid was isolated by centrifugation,
washed with DMF and EtOH (3 x 10 mL), dried at 80 °C under
vacuum for 24 h and then dried at ambient temperature.

2.2.1.2. Synthesis of ISA-MIL-Fe. Isatin (0.147 g, 1 mmol) was
poured into a mixture containing the as-synthesized Fe-MIL-
101-NH, (0.13 g) suspended in ethanol (20 mL). The reaction
solution was refluxed under stirring for 24 hours. Upon
completion, the resulting brown precipitate was collected by
centrifugation, rinsed thoroughly with ethanol (3 x 10 mL),
followed by vacuum drying at 60 °C to afford ISA-MIL-Fe as
a brown solid.

2.2.1.3. Synthesis of Cu-ISA-MIL-Fe. To the well-dispersed
ethanolic suspension of ISA-MIL-Fe (0.1 g, in 15 mL ethanol),
Cu(OAc),-4H,0 (0.05 g, 0.2 mmol) was added under continuous
stirring. The reaction mixture was then subjected to reflux
under continuous stirring for 24 hours, allowing for the effec-
tive coordination of copper within the Schiff-base-modified
framework. After completion of the reaction, the resulting
solid was separated by centrifugation, washed thoroughly with
EtOH (3 x 10 mL), and dried in a vacuum oven. Based on ICP-
OES analysis, the copper amount in Cu-ISA-MIL-Fe was deter-
mined to be 2.28 mmol per gram of the catalyst.

2.3. Catalytic tests

2.3.1. General procedure for the direct one-pot one-step
synthesis of dialkyl a-aminophosphonates from alcohols via
TOP in the presence of Cu-ISA-MIL-Fe. To a mixture of benzyl
alcohol (1 mmol), aniline (1 mmol), trialkyl/dialkyl phosphite (1
mmol) and ¢-butyl hydroperoxide (TBHP, 1 mmol) in EtOH (5
mL), Cu-ISA-MIL-Fe (2 mol%, 0.0088 g) was added. The reaction
mixture was stirred under reflux conditions upon completion,
as monitored by TLC (Table 3). Then, the reaction suspension
was diluted with ethanol and subjected to centrifugation to
recover the catalyst. The separated catalyst was then washed
with ethanol in three portions (5 mL each) and dried overnight
at 80 °C for reuse in subsequent cycles. The combined filtrates
were concentrated under reduced pressure to afford the crude
product, which was finally purified by chromatography on silica
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gel using a mixture of n-hexane and ethyl acetate (1:2) as the
eluent.

3. Result and discussion

3.1. Fabrication and characterization of Cu-ISA-MIL-Fe

Cu-ISA-MIL-Fe was fabricated by the route presented in Fig. 1. At
first, Fe-MIL-101-NH, was synthesized by a solvothermal
method from 2-amino-1,4-benzenedicarboxylate and FeCl,-
-6H,0. Cu-ISA-MIL-Fe was obtained by the PSM of Fe-MIL-101-
NH,, involving Schiff-base formation with isatin, followed by
metal coordination using Cu(OAc), (Fig. 1).

Fig. 2 represents the PXRD patterns of Fe-MIL-101-NH, and
Cu-ISA-MIL-Fe. The distinct peaks observed at 26 of 5.16, 9.0,
9.49, 10.1, and 16.60 (Fig. 2a) are indicative of the well-defined
crystalline nature of Fe-MIL-101-NH,,** which is in good
agreement with the previously reported diffraction pattern for
Fe-MIL-101-NH,. The similarity of the indexed diffraction peaks
of Cu-ISA-MIL-Fe (Fig. 2b) with those of Fe-MIL-101-NH,
endorses that the MOF structure remained intact during the
PSM process.

The FT-IR spectra of Fe-MIL-101-NH,, ISA-MIL-Fe and Cu-
ISA-MIL-Fe (Fig. 3) confirm the successful construction and
functionalization of the desired MOF. As shown in Fig. 3a, the
spectrum of Fe-MIL-101-NH, reveals characteristic peaks at
1382-1426 (C=C) and 1502-1600 cm ™" (C=0), ascribed to the
2-aminoterephthalate functions. Additionally, a peak is
observed at 1257 cm ™!, attributed to the C-N bond in the MOF
structure. Upon the modification of Fe-MIL-101-NH, with isa-
tin, a new broad peak appeared at 1705 cm ™' (C=0), which
clearly certified the functionalization of the MOF with isatin
groups (Fig. 3b). Moreover, the stretching peak of the C=N
group appears to be present at approximately 1630 cm ™, but it
is obscured due to the overlap with the strong carbonyl peak.
Further modification of ISA-MIL-Fe with copper led to shifts in
the vibration frequencies of the C=0 and C=N groups of isatin
to lower values, with a slight intensity decrease, confirming the
successful metal-ligand coordination (Fig. 3c).

As evidenced by FESEM and TEM images (Fig. 4), the octa-

hedral morphology of Cu-ISA-MIL-Fe remains nearly
unchanged after the PSM of Fe-MIL-101-NH,. This
NH,

RN

N
M()

: i
] ]

Isatin
~ EtOH .
\ \
Fe-MIL-101-NH, ISA-MIL-Fe

Fig. 1 Schematic of the catalyst preparation steps.
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Fig. 2 PXRD patterns of (a) Fe-MIL-101-NH; and (b) Cu-ISA-MIL-Fe.

morphological retention upon Cu-functionalization®* offers
a crucial advantage as it ensures that the structural integrity of
the MOF remains intact, which is essential for a good catalytic
performance. Fig. 4 displays the well-defined regular octahedral
structures of Fe-MIL-101-NH, and Cu-ISA-MIL-Fe, characterized
by 8 facets, 6 vertices, and 12 edges, with sharp corners and
smooth surfaces. The octahedral structure of Cu-ISA-MIL-Fe has
an edge length of approximately 500 nm (Fig. 4d).

XPS analysis was employed to investigate the surface elec-
tronic characteristics of and elemental distribution on the Cu-
ISA-MIL-Fe surface (Fig. 5). XPS elemental survey of Cu-ISA-
MIL-Fe clearly confirms the existence of carbon, oxygen,
nitrogen, copper, and iron elements in this compound (Fig. 5a).
In the C 1s spectrum, the carbon peak is divided into four peaks,
including 284.7 (C-C), 285.3 (C=N), 286.0 (C-N), and 288.3 eV
(C==0) (Fig. 5b).** Fig. 5¢ demonstrates the high-resolution XPS
spectrum for N 1s, revealing three prominent peaks at 398.5,
399.7 and 400.0 eV, corresponding to the C=N, C-N and N-H
bonds, respectively.*® The high-resolution XPS profile of O 1s
discloses characteristic signals corresponding to the Fe-O-Fe,
Fe-O-H, and O-C=O bonding environments, which are
consistent with the binding energies of 530.0, 531.6, and
533.4 eV, respectively (Fig. 5d).”*® The Fe 2p spectrum presents
distinct peaks at 710.1 and 711.3 eV, consistent with Fe 2p;/,
and at 723.0 and 724.7 eV, attributed to Fe 2p,/,. Additionally,
satellite peaks are observed at 713.1 and 716.8 for Fe 2p;,, and at
726.5 and 729.7 eV for Fe 2p, , (Fig. 5¢).* These observations are
consistent with the presence of Fe*" species, indicating that the

N—H

Cu(OAc),
EtOH

Cu-ISA-MIL-Fe

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 FT-IR spectra of (a) Fe-MIL-101-NH,, (b) ISA-MIL-Fe and (c) Cu-ISA-MIL-Fe.

Fig. 4

iron cations in the catalyst predominantly exist in the +3
oxidation state.”® In the Cu 2p spectrum, five peaks can be
detected at 932.8, 934.5, 937.5, 940.7, and 944.2 eV, corre-
sponding to Cu 2ps,,, while the fitting peaks at 952.8, 954.2,
956.3, 961.4 and 963.4 eV are associated with Cu 2p;, (Fig. 5f).*°
These findings are consistent with the existence of Cu>" species
in the catalyst.®

The existence of carbon, nitrogen, oxygen, iron and copper in
Cu-ISA-MIL-Fe is confirmed by the EDS spectrum (Fig. 6).
Furthermore, EDS elemental mapping displays a homogeneous
distribution of these constituents throughout the MOF (Fig. 6).

© 2025 The Author(s). Published by the Royal Society of Chemistry

FESEM images of (a) Fe-MIL-101-NH, and (b) Cu-ISA-MIL-Fe. TEM images of (c) Fe-MIL-101-NH, and (d) Cu-ISA-MIL-Fe.

3.2. Investigation of the catalytic activity of Cu-ISA-MIL-Fe
for the one-pot one-step fabrication of dialkyl o-
aminophosphonates directly from alcohols via TOP

Initially, to evaluate the catalytic activity of Cu-ISA-MIL-Fe for
the synthesis of o-aminophosphonates, a model three-
component reaction was carried out using benzyl alcohol (1
mmol), aniline (1 mmol) and triethyl phosphite (1 mmol) in the
presence of TBHP (1 mmol) as an oxidant. The influence of
influential factors comprising the catalyst loading, oxidant,
solvent and reaction temperature was monitored to select the
optimum reaction conditions for the synthesis of the desired
diethyl a-aminophosphonate (Table 1). Based on the obtained

RSC Adv, 2025, 15, 36823-36836 | 36827
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Fig. 5 XPS spectrum of Cu-ISA-MIL-Fe: (a) survey, (b) C 1s, (c) N 1s, (d) O 1s, (e) Fe 2p and (f) Cu 2p.

results, the highest product efficiency was achieved when without the catalyst resulted in no detectable product (Table 1,
2 mol% of Cu-ISA-MIL-Fe was used in ethanol under reflux entry 1). Furthermore, only a negligible yield of the target
conditions (Table 1, entry 6). Importantly, a control experiment product was obtained using Cu(OAc), as the catalyst, under

36828 | RSC Adv, 2025, 15, 36823-36836 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Elemental mapping images of (a) C, (b) N, (c) O, (d) Fe and (e) Cu, and (f) EDS spectrum of Cu-ISA-MIL-Fe.

similar reaction conditions (Table 1, entry 19). In addition,
when the model reaction was carried out in the presence of
other kinds of oxidants (Table 1, entries 14-17) and without the
oxidant (Table 1, entry 18), the results were far from satisfactory.

In a complementary experiment designed to gain deeper
insights into the vital role of Cu-ISA-MIL-Fe in the synthesis of
a-aminophosphonates, as well as to compare the reactivity of
benzyl alcohol versus that of benzaldehyde as a starting
substance, the model reaction was further investigated. All of
the reactions were performed in ethanol under reflux condi-
tions. The obtained findings are listed in Table 2. Initially, the
model reaction was performed using benzaldehyde instead of
benzyl alcohol as the precursor in the presence of Cu-ISA-MIL-
Fe, without any external oxidant. This reaction afforded the
desired product in 95% yield within 1.5 h (Table 2, entry 1).
Subsequently, the same reaction was accomplished using Fe-
MIL-101-NH, as the catalyst. However, the results were unsat-
isfactory even after 6 h (Table 2, entry 2). To evaluate the

© 2025 The Author(s). Published by the Royal Society of Chemistry

catalytic effect on the oxidation of benzyl alcohol in the pres-
ence of TBHP as the oxidant, a control reaction was conducted
in the absence of triethyl phosphite. Remarkably, the reaction
proceeded efficiently, yielding 92% of benzaldehyde within 2 h
(Table 2, entry 3). To further highlight the catalytic activity of
Cu-ISA-MIL-Fe, the same reaction was done using Fe-MIL-101-
NH, both in the presence and absence of triethyl phosphite. In
both cases, the reaction failed to produce significant yields of
benzaldehyde and diethyl a-aminophosphonate (Table 2,
entries 4 and 5), confirming the superior performance of Cu-
ISA-MIL-Fe.

Under the optimized reaction conditions, a variety of a-
aminophosphonates were synthesized using different benzyl
alcohols, anilines and phosphite esters (Table 3). As depicted in
Table 3, dialkyl a-aminophosphonates containing various alkyl
ester groups were efficiently synthesized through the TOP
strategy by the reaction of benzyl alcohol and aniline with
diverse phosphite esters, including triethyl/tri-iso-propyl/di-iso-
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Table 1 Optimization of the reaction conditions by the evaluation of different parameters

OH Osp(oEt),
NHz NH
+ + P(OEt); D

Entry Catalyst (mol%)® Oxidant Solvent Temperature (°C) Time (h) Isolated yield (%)”
1 — TBHP EtOH Reflux 24 —

2 2 TBHP H,0 80 2 43

3 2 TBHP CH;CN Reflux 2 87

4 2 TBHP DMF 80/130 2 78/80
5 2 TBHP — 80 24 20

6 2 TBHP EtOH Reflux 2 95

7 0.5 TBHP EtOH Reflux 2 52

8 1 TBHP EtOH Reflux 2 85

9 1.5 TBHP EtOH Reflux 2 90

10 2.5 TBHP EtOH Reflux 2 95

11 2 TBHP EtOH r.t. 6 37

12 2 TBHP EtOH 50 4 48

13 2 TBHP EtOH 70 2 85

14 2 H,0, (30%) EtOH Reflux 2 36

15 2 O, EtOH Reflux 2 61

16 2 K,S,0% EtOH Reflux 2 53

17 2 Air EtOH Reflux 2 42

18 2 — EtOH Reflux 2 32

19 2° TBHP EtOH Reflux 2 Trace

“ According to the copper content (except for entry 1). ” Reaction conditions: benzyl alcohol (1 mmol), aniline (1 mmol), triethyl phosphite (1 mmol),
oxidant (1 mmol) (except for entry 18), solvent (5 mL) (except for entry 5) and Cu-ISA-MIL-Fe (except for entries 1 and 19). © Reaction was conducted

using the Cu(OAc), catalyst.

Table 2 Evaluation of the crucial effect of Cu-ISA-MIL-Fe in the one-pot one-step synthesis of diethyl a-aminophosphonate

Entry Catalyst Benzyl alcohol (mmol) Oxidant Benzaldehyde (mmol) Triethyl phosphite (mmol) Time (h) Isolated yield” (%)
1 Cu-ISA-MIL-Fe — — 1 1 1.5 95

2 Fe-MIL-101-NH, — — 1 1 1 (6) 55 (55)

3 Cu-ISA-MIL-Fe 1 TBHP — — 1.5 92

4 Fe-MIL-101-NH, 1 TBHP — — 2 35

5 Fe-MIL-101-NH, 1 TBHP — 1 2 25

¢ Reaction conditions: benzyl alcohol/benzaldehyde (1 mmol), aniline (1 mmol), triethyl phosphite (1 mmol, except in entries 3 and 4), TBHP
(1 mmol, except in entries 1 and 2), catalyst (0.0088 g), EtOH (5 mL), reflux conditions.

propyl and trimethyl phosphites (Table 3, entries 1-4). The
reaction of benzyl alcohol with 4-chloroaniline and p-toluidine,
representing electron-withdrawing and electron-donating
derivatives of aniline, respectively, proceeded well with
triethyl phosphite, affording the corresponding diethyl a-ami-
nophosphonates in good to high product yields (Table 3, entries
5 and 6). Moreover, benzyl alcohols substituted with either
electron-withdrawing or electron-donating groups were well-
tolerated under the optimized reaction conditions (Table 3,
entries 7-10).

High reusability of catalysts is an important advantage in
catalytic methods, enhancing their potential for commercial
applications. Thus, the recyclability of Cu-ISA-MIL-Fe was
checked in the model reaction. Upon completion of the reac-
tion, the catalyst was recovered by centrifugation, thoroughly

36830 | RSC Adv, 2025, 15, 36823-36836

washed with EtOH, and subsequently dried overnight. The
separated catalyst was reused for five consecutive cycles, with
only a slight decrease in the catalytic efficiency observed
(Fig. 7a). FESEM images of the reused catalyst after five runs
verified that the catalyst retained its original morphological
properties throughout the reaction process (Fig. 7b and c).

To realize the true heterogeneity nature of the catalyst, hot
filtration and poisoning tests were conducted separately (Fig. 8).

For both, the model reaction was monitored under optimum
conditions. In the hot filtration experiment, the catalyst was
isolated by filtration once approximately 50% of the reaction was
completed, and the reaction mixture was subsequently allowed to
continue for an additional 3 hours. The absence of further
conversion in the reaction medium confirmed that no homoge-
neous catalyst was present in the reaction medium. ICP-OES

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 One-pot one-step synthesis of dialkyl a-aminophosphonates directly from alcohols via TOP, catalyzed by Cu-ISA-MIL-Fe

M.P. (°C)
Entry Benzyl alcohol Amine Phosphite ester ~ Product Found Reported™°" Time (h) Isolated yield* (%)
NH
1 P(OEt), o 88 86.9 (ref. 61) 2 95
%
P
N
FiO OEt
OH NH, O\
NH
2 P(O-iso-Pr), f 102-104  103-105 (ref. 62) 2 87
P\ .
o O—iPr
]
N
Pr
OH NH, @\
NH
3 HP(0)(O-iso-Pr), 0 102-104  103-105 (ref. 62) 2 83
o o—ipr
]
N
Pr
OH NH, ©\
NH
4 P(OMe), 0 93-94 94-96 (ref. 63) 2 80
Y
o o-cHy
\
CH;
OH NH, Cl\@\
NH
5 P(OEt), 112-113  112-114 (ref. 39) 4 76
e
N\
OH NH, Me\©\
6 P(OEt); NH 119 120 (ref. 64) 3 86
L0
N
Me o OEt
NH,
NH
P(OFEt), 88-87 87.1 (ref. 61) 2 88

AN
Ei§ OEt

O,
)
Q@

Cl

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 (Contd.)
M.P. (°C)
Entry Benzyl alcohol Amine Phosphite ester ~ Product Found Reported®e" Time (h) Isolated yield* (%)
OH NH, ©\
NO, NH
8 P(OEt); 0 156-155 155-157 (ref. 65) 2 83
4
P~0Ft
OEt
NO,
NH
9 P(OEt); o 103-104 103 (ref. 64) 2 79
P//
\
Et0O OEt
OMe MeO
OH NH, Cl\@\
NH
10 P(OEt); 0 101-102  101-102 (ref. 66) 2 75
(1; ~OEt
t
OMe cl MeO

@ Reaction conditions: benzyl alcohol (1 mmol), aniline (1 mmol), phosphite ester (1 mmol), TBHP (1 mmol), catalyst (2 mol%) and EtOH (5 mL)

under reflux conditions.
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(a) Reusability of Cu-ISA-MIL-Fe in the model reaction. (b and c) FESEM images of the recovered Cu-ISA-MIL-Fe after five runs.
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Fig. 8 Study of the heterogeneity of the catalyst.

analysis of the filtrate revealed a negligible Cu content (less than
0.1% of the total Cu amount). In the poisoning test, the model
reaction was done in the presence of elemental sulfur (Sg, 0.07 )
as a metal scavenger. Under this condition, the reaction pro-
gressed normally with no change in rate. These results clearly
affirmed the true heterogeneous function of the catalyst.

In the next step, the advantages of the current catalytic
pathway were compared with those of the previously reported
systems that enable the direct transformation of alcohols into a-
aminophosphonates (Table 4). The results clearly demonstrate
that the present tandem approach enables a milder, more
straightforward, and eco-friendly transformation, proceeding
efficiently in the presence of a recyclable heterogeneous catalyst
via a one-pot one-step procedure. In contrast, all methods re-
ported to date, except one, proceed through a one-pot two-step

View Article Online

RSC Advances

pathway, which requires two distinct reaction steps.*** In the
only one-pot one-step method, Pd, an expensive catalyst, was
used.*® Furthermore, all of these routes suffer from one or more
limitations, including the use of hazardous solvents;>*3¢3%3%°
strict reaction conditions;*° extended reaction times;**~**3% low
product yields;***® non-recyclable homogeneous catalytic
systems;*>*® and structurally complex,* expensive,* or even
explosive catalysts.?” These comparisons highlight the practical
superiority and synthetic simplicity of the present methodology
over previously reported protocols.

By analogy with our investigation and based on a survey of
the literature,®””® a plausible mechanistic pathway for the direct
fabrication of dialkyl a-aminophosphonates from alcohols via
TOP in the presence of Cu-ISA-MIL-Fe is outlined in Scheme 3.
In the first step, TBHP is converted into tert-butoxyl (¢-BuO’) and
hydroxyl (HO) radicals mainly by the Cu and less by the Fe
present in Cu-ISA-MIL-Fe. Then, t-BuO abstracts a hydrogen
atom from benzyl alcohol, forming a benzyl radical interme-
diate (I). The activated intermediate (I) with the catalyst
undergoes further oxidation by HO' to generate benzaldehyde
as the final oxidation product. Subsequently, mainly the copper
and/or less the iron in the catalyst act as Lewis acids to activate
the carbonyl group of benzaldehyde, facilitating a nucleophilic
attack by aniline, which leads to the formation of the corre-
sponding imine (II) with the release of water. Then, the acti-
vated carbon center in the imine by copper and/or less by iron
undergoes nucleophilic addition with phosphite ester. This
transformation ultimately yields the desired dialkyl a-amino-
phosphonate, after which the catalyst regenerates and re-enters
the catalytic cycle (Scheme 3). During the condensation reac-
tion, the unmodified amine groups in Cu-ISA-MIL-Fe can act as
Brgnsted basic sites to abstract hydrogen. Based on the results
in Table 2, the most active site of the catalyst is copper in Cu-
ISA-MIL-Fe.

Table 4 Comparison of the reaction conditions for Cu-ISA-MIL-Fe with those for other reported catalysts for the synthesis of diethyl (phenyl)-

N-(phenyllaminomethylphosphonate directly from alcohols

Entry®°® Catalyst (amount) Reaction conditions Time (h) Yield (%)
1 (ref. 35) First step: Iron-based First step: p-xylene, MS* 79 81
Knolker's complex (3 A), 140 °C, 55 h second
(6.3 mol%); Second step: step: 25 °C, 24 h
Chiral phosphoric acids
(8.3 mol%)
2 (ref. 36) CuO@Fe;0, (1.5 mol%) First step: toluene, NaOH 120 (5 days) 70
(1.5 equiv.), 100 °C, 4 days;
second step: 100 °C, 24 h
3 (ref. 37) NH,ClO, (100 mol%) First step: UV irradiation, Oy, 4 93
solvent-free second step:
50 °C
4 (ref. 38) TBATB? (1 mol%) First step: CH;CN, blue LED 8 75
(465 nm, 4*3 W); 3 h,
air second step: Reflux, 5 h,
EtOAc: CH;CN (5:3)
5 (ref. 39) Pd-HAP* (0.2 mol% Pd) °C 90 toluene, O, 6 87
pthis work Cu-ISA-MIL-Fe (2 mol%) TBHP, EtOH, reflux 2 95

 MS: molecular sieves. > TBATB: tetrabutylammonium tribromide. © HAP: hydroxyapatite.
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Scheme 3 Plausible mechanism for the direct synthesis of dialkyl a-
aminophosphonates from alcohols.

4. Conclusions

In this study, Cu-ISA-MIL-Fe was synthesized by the PSM of Fe-
MIL-101-NH, through Schiff-base formation with isatin, fol-
lowed by a reaction with Cu(OAc),. After the characterization of
this new catalyst with different methods, it was used as the first
MOF-based heterogeneous catalyst for the successful one-pot
one-step fabrication of dialkyl a-aminophosphonates directly
from alcohols via TOP. The catalyst showed an extremely high
catalytic performance for the oxidation of different benzyl
alcohols, followed by the condensation of the in situ prepared
benzaldehyde with anilines and various alkyl phosphites to
produce a variety of dialkyl o-aminophosphonates. This
approach offers several advantages, such as good to high yields
of the products, short reaction times, the use of a simplified
one-pot one-step synthetic process with step saving and the
least amount of waste production, use of green solvents, low
operational cost and facile catalyst recovery and reuse. Besides,
the hot filtration test and poisoning experiment affirmed that
the catalytic reaction followed a real heterogeneous pathway.
Considering its remarkable catalytic efficiency, operational
simplicity and sustainability, Cu-ISA-MIL-Fe holds great
promise for future applications in diverse green synthetic
methodologies.
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